Intense human activities facilitate the successful spread and establishment of non-indigenous aquatic organisms in marine and freshwater ecosystems. In some cases such intrusions result in noticeable and adverse changes in the recipient environments. In the Baltic Sea, the discovery and rapid initial spread of the North American wedge clam Rangia cuneata represents a new wave of invasion which may trigger unpredictable changes of the local benthic communities. In this study we present a species-specific DNAbased marker developed in silico and experimentally tested on environmental samples. Marker specificity and sensitivity were assessed in vitro from water samples containing different mixtures of the target species and other five bivalves currently present in the region: the native Cerastoderma glaucum, Macoma balthica and Mytilus trossulus, the invasive Dreissena polymorpha and the cryptogenic Mya arenaria. Cross-species amplification was not found in any case. The method allows to detecting at least 0.4 ng of R. cuneata DNA per ml, and 0.1 g of tissue per liter of water. Finally, the marker performance was assessed in water samples from the Baltic Sea and Vistula Lagoon. The coincidence between independent visual observations of R. cuneata and positive PCR amplification of the marker from the water samples confirmed the efficiency of this highly reproducible, fast, and technically easy method. R. cuneata traces can be detected from environmental DNA even when the population is sparse and small, enabling rapid management responses and allowing to track the invasion dynamics.
Introduction
Marine alien species are global drivers of the ecosystem change, and a threat to native biodiversity and marine resources (Molnar et al., 2008) . Many aquatic communities are impaired by the uncontrolled spread of invaders (Horgan and Mills, 1997; Molnar et al., 2008) , and activities such as aquaculture, fishing and shellfish harvesting may be severely affected (e.g. Hayes and Sliwa, 2003; Neill et al., 2006) . Even food security, human health and economy are threatened by biological invasions in many regions (Nuñez and Pauchard, 2010) .
In this context, the emphasis is put on preventive measures such as risk assessments and early detection of potential marine pests (Behrens et al., 2005; Delaney et al., 2008) . Every new invasion is enlisted by scientists and managers, and efforts are focused on explaining its impact the recipient ecosystem, predicting the invasion outcome and preventing (if possible) from further spread. However, new invasions are often detected years after introduction when populations are too abundant and widespread to allow eradication (Geller et al., 1997; Freire et al., 2014) . Moreover, when invasions are declared few effective tools are available for national agencies to control them and minimize their effects on the ecosystem health and economy (Olenin et al., 2011; Pochon et al., 2013) .
A new introduction of alien species detected in Europe in the last decade was Rangia cuneata, a clam that inhabits low salinity waters (Parker, 1966) . It is native to the Gulf of Mexico where it is found predominantly in estuaries. The first record of this species out of America was in the harbor of Antwerp, Belgium (Verween et al., 2006) . A few small individuals were found in 2005, but from February 2006 onwards many individuals were found in the pipes of the cooling water system of an industrial plant (Verween et al., 2006) . The extremely rapid spread of this species was confirmed soon in other regions of Europe. Only four years later, R. cuneata was recorded in the Vistula Lagoon of the Baltic Sea (September 2010), and in 2011 this clam had invaded a large area of the bay with up to 4040 individuals/m 2 in the areas adjacent to the Kaliningrad Sea channel (Rudinskaya and Gusev, 2012) . The introduction of R. cuneata into the Vistula Lagoon was attributed to ballast waters of ships coming from areas where these clams were naturalized (Verween et al., 2006; Rudinskaya and Gusev, 2012) . The species may become a trigger of adverse transformations in the local benthic communities of the Baltic Sea (Rudinskaya and Gusev, 2012) . It advances very rapidly, since in May 2013 several small individuals of R. cuneata were already found in benthic samples from the Lithuanian coast (Solovjeva, 2014) . R. cuneata has also a history of invasions outside Europe. It was transported from its natal region in the Gulf of Mexico to the NW Atlantic accompanying Crassostrea virginica stocks introduced in Chesapeake Bay (Pfitzenmeyer and Drobeck, 1964) . It has thriven there and (in concurrence with other invaders) has adversely altered the ecosystem (e.g. Ruiz et al., 1999) . It is highly tolerant to harsh environmental conditions, thus it has a greater probability of being transported alive and settle down in new environments than other less tolerant aquatic species (Valentine and Sklenar, 2004; Wakida-Kusunoki and MacKenzie, 2004; Wolff, 1999) . Environmental conditions unfavorable for many native species have triggered sudden outbursts of R. cuneata in the recipient ecosystem (Kerckhof et al., 2007; Verween et al., 2006) .
From the current climate change that is inducing changes in species distributions (Parmesan and Yohe, 2003; Hijmans and Graham, 2006; Seo et al., 2009) , and the high tolerance to adverse conditions of R. cuneata, it can be a good candidate for the World's "black list" of invaders. It is already recognized as highly invasive by the Invasive Species Specialist Group (ISSG database: www.issg.org/; DAISIE database: www.europe-aliens.org/). Therefore, detecting its occurrence at a low density prior full settlement is crucial to increase the effectiveness of eradication or containment measures (Jerde et al., 2011) .
The traditional sampling methods are insufficient for early detecting new invasions, especially in aquatic environments where organisms are not always visible and can be hidden underwater. Several studies demonstrate the efficiency of environmental DNA (eDNA) as a tool for species detection in aquatic environments (Ficetola et al., 2008; Dejean et al., 2011; Jerde et al., 2011; Taberlet et al., 2012; Thomsen et al., 2012) . DNA extracted directly from water and sediment samples contains exfoliated cells, small eggs and larvae that can be overlooked in routine surveys. Speciesspecific molecular markers can be PCR-amplified from eDNA allowing to the detection of organisms of interest, such as threatened species (Thomsen et al., 2012) and pests from early invasion fronts (Jerde et al., 2011) . Other sophisticated molecular methods for detection of marine invertebrate larvae involve robotized processes or in situ hybridization (Pradillon et al., 2007; Jones et al., 2008) .
The objective of the present study was to develop and test the species-specific molecular markers for early detection and distribution assessment of R. cuneata from environmental samples. The aim was to create a PCR-based method for analyzing eDNA with normal (unlabeled) primers and PCR products directly visualized in agarose gel. The possible applications of the species-specific markers for biosecurity and monitoring issues were also discussed in the current account.
Material and methods

Mollusk and water samples
Five R. cuneata adult specimens around 2 cm length were collected from the Vistula Lagoon in May 2013, which is its current distribution area within the Baltic Sea (Fig. 1 ). They were identified de visu by experts and served for reference sequencing and experimental work. The morphotaxonomical identification of the R. cuneata mollusks was conducted as described in Rudinskaya and Gusev (2012) (Fig. 1) . Briefly, diagnostic features that differentiate the species from other Baltic mollusks are the tilt and the position of the shell tops, the shell top bent inside and shifted toward the front part of the shell. Although these traits are not fully developed in young specimens, they are clear enough for distinguishing R. cuneata from the rest of common bivalve species inhabiting brackish waters of the Baltic Sea. For the experiments on specificity and sensitivity of the new marker, other five bivalve mollusk species present in the area and having planktonic larvae were sampled from the Lithuanian coast of the Baltic Sea and the Curonian Lagoon: the native Cerastoderma glaucum, Macoma balthica, Mytilus trossulus; the already established invader Dreissena polymorpha and cryptogenic Mya arenaria. Five voucher adults from each species were sampled.
Environmental samples were collected in duplicate from Lithuanian coastal zone (close to locations where R. cuneata was previously observed) on May 20 and September 2, 2014 (Fig. 2,   Fig. 1 . Rangia cuneata specimen, from World Register of Marine Species (WORMS, www.marinespecies.org). Table 1 ). Additionally 9 samples were collected from 5 monitoring stations within the Vistula Lagoon on June 4 and July 22, 2014. Taking into account, that repeated or even continuous spawning of R. cuneata has been reported at water temperature exceeding 15 C and salinities below 15 PSU (Fairbanks, 1963; Cain, 1972 ) the sampling dates and locations were selected as presumably favorable for the larvae occurrence. Samples from the coastal zone were collected with the WP2 plankton net (5 m length, 100 mm mesh size), vertically towed 5e10 m, depending on the depth. Samples from the Vistula lagoon were collected using 6 L discrete water sampler from 3 depths (surface, intermediate and near-bottom) and concentrated by filtering through 70 mm mesh. One sample from every location and depth was analyzed de visu by an expert taxonomist, in order to verify the presence of R. cuneata larvae.
Another sample was vacuum-filtered through 0.12 mm Nuclepore™ membrane, and preserved thereafter with 96% ethanol for the future bulk DNA extraction.
DNA extraction
Total DNA was extracted from foot muscle of five individuals per species employing a method based on silica gel columns (QIAmp DNA Mini kit, Qiagen), following manufacturer's instructions. The tubes were stored at 4 C for immediate DNA analysis, and aliquots were frozen at À20 C for long-time preservation.
eDNA was extracted from the filters using the PowerWater DNA Isolation kit (MoBio Laboratories Inc., Carlsbad, CA) following manufacturer's recommendations.
DNA was quantified in agarose gel comparing with DNA mass ladder (Perfect 100 bp DNA Ladder from EURx) and with an absorbance method (BioPhotometer by Eppendorf).
Design of species-specific primers
The design of the species-specific primers was based on reference nucleotide sequences of 16S rDNA obtained from GenBank, plus the sequences obtained from the mollusk samples as described below. To design the new primers, sequences were aligned using the ClustalW tool (Thompson et al., 1994) included in the BioEdit Sequence Alignment Editor software (Hall, 1999) . A region within the 16S rRNA gene conserved in R. cuneata but with different nucleotide sequence in the rest of considered species was searched. Such a region, which is located within the region amplified by Palumbi (1996) with the primers 16Sar and 16Sbr, was employed for designing a R. cuneata specific forward primer. As reverse primer we have used the generalist 16Sbr described by Palumbi (1996) , so that the region amplified with the new primer is nested within the region described by Palumbi (1996) .
PCR amplification and sequencing
The amplification reaction of the longer 16S rDNA fragment employing the primers 16Sar and 16Sbr described by Palumbi (1996) was performed in a total volume of 20 ml, with Promega (Madison, WI), Buffer 1Â, 2.5 mM MgCl2, 0.25 mM dNTPs, 20 pmol of each primer, approximately 20 ng of template DNA and 1 U of DNA Taq polymerase (Promega), and the following PCR conditions: initial denaturing at 95 C for 5 min, 35 cycles of denaturing at 94 C for 1 min, annealing at 55 C for 1 min, extension at 72 C for 2 min and final extension at 72 C for 7 min.
For the new species-specific primers the PCR conditions were the same except for the annealing temperature that was 50 C.
PCR products were visualized under UV light on a 1% agarose gel stained with SimplySafe™ from EURx.
Sequencing was performed by the DNA sequencing service Macrogen Europe.
The sequences obtained were compared with international databases employing the program BLASTn within the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih. gov/) for confirming species identification.
Marker validation in vitro and in field samples
For determining the specificity of the newly designed primers, DNAs of different mollusk species were mixed in different proportions (Table 2) . The sensitivity of the primers was experimentally assayed from successive dilutions of R. cuneata DNA in distilled water (Table 2) .
For the utility of the new primers in environmental samples, three experimental simulated communities were set up dissolving R. cuneata tissue (foot muscle) desiccated and manually grinded in water samples as it follows (Table 3): 5 mg dry weight of R. cuneata in 50 ml of distilled water. 5 mg dry weight of R. cuneata in 50 ml of marine water from the Ria of Aviles (Bay of Biscay, North Spain). The area is covered of blue mussels Mytilus galloprovincialis (density: >1000/square meter). Negative community control 1: 50 ml marine water (same site and sampling time as above). Negative control with distilled water.
Additionally, water samples (1 L) from two locations within the Baltic Sea coast and five within Vistula Lagoon (Fig. 2) were taken in 2014 for amplification of the developed marker.
Linear regression model with a robust fitting algorithm was applied to relate the yielded R. cuneata amplification product quantities to the abundances of the visually observed larvae in the samples (implemented in the R v3 statistical computing environment).
Results
Primer designed and its performance
A total of 25 16S rDNA sequences representing the 25 different species were retrieved from the GenBank (Supplementary Table 1) . They corresponded to a wide range of marine taxonomic groups, including algae, invertebrates and vertebrates. In addition, longer 16SrDNA sequences obtained by PCR with Palumbi (1996) primers for the six analyzed mollusk species were also considered. They were 470 bp long, and were submitted to GenBank where they are available with the accession numbers KP052743eKP052753; correspond to Cerastoderma. glaucum, D. polymorpha, four different haplotypes of M. balthica, M. arenaria, M. trossulus and three different haplotypes of R. cuneata.
Designed forward primer within the amplified 16SrDNA region can hybridize only with R. cuneata DNA at 50 C of annealing temperature, since that region has a different nucleotide composition from the rest of the considered species (see an alignment of several sequences showing the R. cuneata specific region in Fig. 3) .
The sequence of the new forward primer designed was: RC-16Sar: 5′-AAATTTCTTCTAATGATGTGAGG-3′ Employing the primer 16Sbr described by Palumbi (1996) as the reverse primer, the pair flanks a region of 205 base pairs (bp) (Fig. 3) . The alignment with the sequences of the closest species that are available in GenBank (Pseudocardium sachalinense KP090053, Tresus capax KC429311, Spisula solida JF808191, Tresus keenae JX399585, Meropesta nicobarica JN674570) shows that, although they are taxonomically close to each other, there are clear differences at sequence level, especially in the R. cuneata-specific primer region (Fig. 4) .
In DNA extracted from R. cuneata voucher specimens the new pair of primers provided clear and clean positive amplification. Only one PCR product of the expected size was obtained, with no secondary bands (Fig. 5) . The sequences obtained from the Table 2 Results of the serial dilutions of Rangia cuneata DNA; with DNA mixture from the other five mollusks species analyzed (upper part), and in distilled water (bottom part). Number 1 in serial dilutions corresponds to 50 ng/ml of Rangia cuneata and 0 is the negative control (no Rangia cuneata DNA). The table presents the different results of PCR amplifications (þ: positive and À: negative) with Rangia cuneata primers, described in this work, and with universal primers described by Palumbi (1996) . 
Rangia cuneata
In bold, the dilution in the detection limit.
Table 3
Marker validation in Simulated Communities. PCR results (þ: positive and À: negative) with Rangia cuneata primers and with universal primers described by Palumbi (1996) in different samples: 5 mg of dry weight of Rangia cuneata (Rc) in 50 ml of distilled water and in marine water from Ria de Aviles (North Spain), one control with 50 ml of the same marine water without Rangia cuneata and one negative control only with distilled water.
PCR amplification
Rangia cuneata primers Universal primers 5 mg Rc/50 ml distilled water þ þ 5 mg Rc/50 ml marine water þ þ 50 ml marine water À þ Negative control with distilled water À À amplicons provided high identity when aligned with 16SrDNA of R. cuneata (Fig. 3) , hence proving the amplicons corresponded to the target DNA region.
Specificity and sensitivity of the designed primer
R. cuneata-specific primers yielded positive PCR amplifications of one single band (approx. 200 bp) when R. cuneata was present in a sample. Cross-amplification was not found in any case (Fig. 4) ; M. arenaria does not appear on the picture but it did not yield positive amplification with R. cuneata primers in any assay. The results of the serial dilutions of R. cuneata DNA (Table 2 ) revealed positive PCR with R. cuneata-specific primers down to 1:125 (Table 2, Fig. 6 ). Hence we conclude that the detection limit with the new primer and PCR product visualization in agarose gel is 0.4 ng/ml DNA. The universal primer pairs of Palumbi (1996) exhibited a similar sensitivity, giving positive amplification at 1:100 dilution.
In experimental DNA mixtures (Table 2) , R. cuneata-specific primers exhibited the same sensitivity as for R. cuneata DNA alone: 1:125. With Palumbi (1996) primers positive PCR amplification was obtained from all the samples, as expected. The amplicon was approximately 500 bp that is the expected size (Figs. 5 and 7) .
Marker validation
In vitro experiments with eDNA samples (simulated communities) validated the performance of primers (Table 3 ). In the simulated community containing R. cuneata tissue, the R. cuneata primers (Fig. 7) provided positive results for both distilled water (RD) and natural marine water (RM) from Ria of Aviles (1 mg dry weight per 10 ml of water). In the negative control without R. cuneata tissue (MW) amplification was not found, as expected since R. cuneata is not present in Asturias coast yet (Table 3) .
Regarding the field water samples, PCR amplification with R. cuneata specific primers was positive for five samples from the Vistula Lagoon and none from the Baltic coast (Fig. 8) , independently from eDNA concentration (Table 4) . False positives were not found. Five true positives (positive PCR amplification and R. cuneata larvae observed de visu), four true negatives (no PCR amplification and no R. cuneata larvae observed de visu) and four false negatives (three samples of the second semester and one of the first semester from areas with observed R. cuneata larvae) were obtained. The Chi-square value of the contingency table corresponding to these results is 3.62, with a P-value of 0.057 (marginally significant) for 1 d.f. For universal primers (Palumbi, 1996) , as expected, we got positive results from all water samples analyzed (Fig. 6-right) .
As evidenced from the fitted linear regression model ( Supplementary Fig. 1 ), the amount of the R. cuneata DNA product yielded from the positive amplifications in eDNA samples significantly correlated with the larvae abundances reported from the visual analysis of the replicate samples from the same areas (r ¼ 0.88, p < 0.001). No significant correlation (r ¼ À0.37, p ¼ 0.21) with the total eDNA concentration was found. 
Discussion
The species-specific marker designed in this study was sensitive and accurate. It could be recommended as a useful tool to detect the presence of R. cuneata DNA, even at low concentration and in complex samples containing other species. It has been successfully amplified from real environmental water samples when R. cuneata is present (Vistula Lagoon), but not from the Baltic coastal samples where the species as not been detected de visu. Cross-amplification with other mollusk species phylogenetically close to R. cuneata (e.g. M. arenaria) was not detected. These results suggest that these specific markers are robust and cost-efficient for detecting this species from eDNA. This method, could complement traditional monitoring approaches, as also proposed by other authors (Taberlet et al., 2012; Thomsen et al., 2012) . It is a practical solution when the visual census gives low-quality results (e.g. for detecting a newcoming scarce species) and/or requires a huge sampling effort (e.g. for sparsely distributed marine species). This is particularly important in the current moment of diminishing budgets, when national monitoring networks carefully consider survey expenses and aim at cost-effective approaches (Aylagas et al., 2014) .
Another advantage of this technique is that the target DNA fragment is very short (around 200 bp) and can thus be PCR amplified even from degraded DNA. This is very important for early species detection because short DNA fragments can persist in the environment for a relatively long time. For example, DNA fragments of approximately 400 bp persist for up to one week at 18 C in lake water (Matsui et al., 2001) .
Massive (high-throughput) sequencing techniques can also generate PCR products with universal primers from environmental samples or degraded substrates, but require extensive data analysis (Hofreiter et al., 2003; Willerslev et al., 2003; Taberlet et al., 2007) . In contrast, the method employed here detects the presence of the target species DNA from the water samples using PCR and a simple electrophoresis in agarose gel, without any other data analysis. This is a good and convenient approach when the target species is known (e.g. next-coming alien species from the adjacent aquatic regions), and the focus is put on its detection rather than general biodiversity assessment. The suggested method is reproducible, fast, and cost-efficient (Leung et al., 2002) . Moreover, it does not require any taxonomical expertise (particularly essential when identifying the species at a larval stage) or phylogenetic knowledge. To perform the test only basic technical skills in PCR and gel electrophoresis are needed.
The sensitivity of this marker (0.4 ng/ml of DNA as resulted from the simulation experiments) is comparable to other methodologies based on NGS approaches (Pochon et al., 2013) . As verified from the R. cuneata larvae abundance, the marker was able to detect the species when it was above 1900 individual/m 3 (Table 4 ). This is a fair result for the benthic populations established in the area with abundances up to 5000 individual/m 2 (Rudinskaya and Gusev, 2012) . The positive and strong correlation between the estimated quantity of PCR product and R. cuneata larvae densities suggests that the marker is sensitive to the abundance of the target species. This may have further implications since it could provide some (Palumbi, 1996) . Upper part: Serial dilutions 1:5 to 1:1000 of Rangia cuneata in distilled water (1e7). NC: negative control. Marker: DNA size marker 100 bp ladder. Bottom part: Serial dilutions 1:5 to 1:1000 of Rangia cuneata with 50 ng/ml of each other 5 mollusks (1e7). Marker: DNA size marker 100 bp ladder. More studies on the detection limits of this marker in the field would be necessary, since eDNA methodology has some limitations (e.g. Bohmann et al., 2014) . For example, false negatives can happen if the PCR protocol (and/or the primers designed) fails to anneal on different haplotypes in case of intraspecific polymorphism. In our study we did not find positive PCR amplification from Lithuanian coastal samples, although some R. cuneata adults have been detected nearby recently (Solovjeva, 2014) . It is not a false negative because R. cuneata larvae were not visually detected in the samples, which is totally consistent with eDNA results. The absence of larvae in a zone where adults have been detected could be explained in different ways. Perhaps that coastal population is not selfsustainable yet (e.g. individuals are too sparse to reproduce effectively). Moreover, both adult spawning and larvae lifetime may vary in estuarine and open sea waters (Fairbanks, 1963; Chanley, 1965) , and our sampling events did not coincide with larvae occurrence in the zone (e.g. the water temperature in May was lower than that indicated in literature as suitable for R. cuneata spawning). On the other hand, the sampling methodology used here was not the optimal for retaining small larvae, since R. cuneata larvae size might vary between 5 and 175 mm (for height-length-thickness dimensions) and can be missed by the standard plankton net applied for the regional zooplankton monitoring program (100 mm mesh size). In a program specifically designed for monitoring R. cuneata, smaller mesh size would be desirable for sampling nets.
The new marker is especially timely because R. cuneata is currently starting to spread in the Baltic Sea. It could be applied for monitoring the species invasion dynamics, e.g. for defining the abundance and distribution range of this species within the biopollution assessment (Olenin et al., 2007) . In conclusion, we recommend the application of eDNA-based species-specific markers for screening environmental samples and complementing routine monitoring tools. The approach may help to improve the management of biological invasions because with a more efficient early detection, adequate response measures will be earlier adopted and be likely more effective.
